Escherichia coil a-ketoglutarate permease (KgtP) is a 432-amino-acid protein that symports cx-ketoglutarate and protons. KgtP was predicted to contain 12 membrane-spanning domains on the basis of a calculated hydropathy profile. The membrane topology model of KgtP was analyzed by using kgtP-phoA gene fusions and measuring alkaline phosphatase activities in cells expressing the chimeric proteins. Comparisons of the phosphatase activity levels and the locations of the KgtP-PhoA junctions are consistent with the predicted membrane topology model of KgtP. with kgtP-containing pES16 (16) was infected with XTnphoA (3). Candidate plasmids for kgtP-phoA fusions were used for dideoxynucleotide sequencing (12) to determine whether phoA was fused in the correct open reading frame and orientation and to identify fusion sites. Correct plasmids were selected and named the pETP series.
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ot-Ketoglutarate permease (KgtP) is a hydrophobic membrane protein that cotransports ct-ketoglutarate and protons into Escherichia coli (13) (14) (15) (16) . The (19) and the L subunit of the Rhodobacter sphaeroides photosynthetic reaction center (20) .
Construction of kgtP-phoA gene fusions in vivo and in vitro. E. coli CC118(DE3) was made by infecting strain CC118 [AlacX74 galE galK araDl39 A(ara leu)7697 phoAA20 thi rpsE rpoB argE(Am) recAl Spcr] (10) with phage DE3 containing the T7 RNA polymerase gene and selecting lysogens as described elsewhere (18) . To obtain KgtP-PhoA fusion plasmids, E. coli CC118 that had been transformed with kgtP-containing pES16 (16) was infected with XTnphoA (3). Candidate plasmids for kgtP-phoA fusions were used for dideoxynucleotide sequencing (12) to determine whether phoA was fused in the correct open reading frame and orientation and to identify fusion sites. Correct plasmids were selected and named the pETP series.
Alternatively, gene fusions were constructed in vitro (11) . pES16 was digested with NsiI, which cleaves at the unique site corresponding to the position coding for amino acid 275 in KgtP. The cleaved plasmids were treated for different times with Bal 31, and samples were removed at regular intervals (including time zero). After the ends were filled in by incubation with the large fragment of DNA polymerase I, the DNAs were used for ligation with the smaller of the two PstI fragments, which were treated with T4 DNA polymerase to make blunt ends after excision from pCH2, pCH39, and pCH40 (7). The small PstI fragments derived from the three plasmids contain the PhoA-coding region, minus the promoter and signal sequence, in three different reading frames to increase the efficiency of selection of correct constructs. After incubation of the ligation mixture with CC118(DE3), plasmids isolated from the transformants were screened by restriction endonuclease analysis and sequenced. The correct plasmids were designated the pEP series.
Alkaline phosphatase activities of KgtP-PhoA fusion proteins. To test the KgtP topology model, 21 kgtP-phoA fusion genes, including 10 pETP and 11 pEP constructs, were selected for expression studies on the basis of their fusion sites relative to the model shown in Fig. 1 . The constructs included fusions located within hydrophilic loops as well as at the ends of or within hydrophobic domains. The plasmids were used to transform E. coli CC118 (phoA) cells, and the resulting transformants were assayed for alkaline phosphatase activity after isopropylthiogalactoside (IPTG) induction (Table 1) . When the activities were correlated with the corresponding fusion sites, the phosphatase levels were generally consistent with the membrane topology model (with the exception of pETP49 [described below]). Chimeric protein fusion sites closer to the outer side of the cell membrane or periplasmic space were correlated to higher phosphatase activities. Cells with high alkaline phosphatase activity (>200 U) were obtained with KgtP-PhoA chimeric proteins expressed from plasmids pEP111, pEP122, pEP127, pEP183, pEP187, pEP193, pEP275, pETP258, pETP326, pETP343, and pETP393 (Table 1) . They contain kgtP-phoA junctions predicted to place the PhoA sequences within eight amino acids of, or outside, the cell membrane (Fig. 1) . Chimeric junctions predicted to lie near or at the cytoplasmic (13) were assayed for alkaline phosphatase activity as described elsewhere (20) .
Activity was calculated as 1,000 x the linear A420 change per minute per unit of optical density at 600 nm of cell culture.
side in the KgtP model, i.e., pETP16, pETP173, pETP307, pETP316, pETP375, pEP105, pEP203, pEP208, and pEP253, yielded fusion proteins with low (<115 U) activity (Table 1 and Fig. 1) . The results suggest that the 12-transmembranedomain model of transporter superfamily members also applies for KgtP.
Expression levels of fusion proteins. Since expression of the KgtP-PhoA fusion proteins requires IPTG induction, immunoprecipitation with antibody against PhoA was done to compare the levels of the different hybrids. The results in Fig. 2 demonstrate that as the fusion sites approach the C terminus of KgtP, the molecular weights of the fusion proteins increase. The protein bands also become broader, as expected because of the increased hydrophobicity contributed by KgtP. The hydrophobicity of KgtP may also account for the fact that hybrid polypeptides migrated faster than predicted from their molecular weights. Immunoprecipitates were analyzed by sodium dodecyl sulfatepolyacrylamide gel electrophoresis as described previously (9), except that the samples were heated at 50°C for 15 min (not boiled) to avoid aggregation (16) . Numbers at the top indicate junction sites (KgtP amino acid residues) of pEP or pETP plasmids.
The expression levels of pEP111, pEP127 (not shown), pEP187, and pEP193 as well as pETP258, pETP275, pETP326, and pETP343 generally reflected their high phosphatase activities (Fig. 2) . pETP16, pETP307, and pETP375 were also expressed well but had relatively low enzymatic activities, consistent with the location of their respective fusion sites. The pETP49 hybrid protein was expressed to a degree similar to that of the other highly expressed proteins, and its apparent molecular weight was lower than that of fusion protein 16 (Fig. 2) , suggesting that the first hydrophobic domains begins after position 16 . Despite a fusion junction close to the periplasmic region in the topology model (Fig. 1) , pETP49 expression yielded low phosphatase activity (Table 1) . When assayed by [35S]methionine labeling and immunoprecipitation, the pETP49 fusion protein fractionated with the soluble and pellet fractions and not with the periplasmic fraction; the same results were obtained with a position 46 fusion product which also showed low phosphatase activity (data not shown). The negatively charged Glu-34 and Asp-37 in putative helix I may require neutralization by positively charged amino acids in other transmembrane domains, e.g., Arg-76 in helix II and Arg-131 in helix IV, for correct insertion into the membrane, a suggestion supported by the cellular locations and low phosphatase activities of pETP49 and pETP46.
Hybrid proteins from pEP105, pEP203, and pEP253 were present in small amounts (Fig. 2) . However, in other experiments (not shown), pEP105 and pEP203 were present in amounts similar to the amounts of pETP49 and pEP111 fusion proteins, suggesting that their reproducibly low activities were due to the positions of their fusion junctions. In addition, pEP122 and pETP393 were weakly expressed (Fig. 2) but yielded high phosphatase activities (Table 1) Fusion sites: membrane locations and phosphatase activities. Calamia and Manoil (1) reported that when PhoA was fused to a putative membrane-spanning region of lac permease, the enzymatic activities differed depending on whether the hydrophobic domain was oriented with its amino terminus in the periplasm (incoming; even-numbered helices in Fig. 1 ) or in the cytoplasm (outgoing; odd-numbered helices in Fig. 1 ). In their experiments, hybrids fused to an incoming segment and containing as many as 10 or 11 amino acids showed high PhoA activity. An incoming segment fusion containing 22 residues showed reduced activity relative to fusions of the preceding periplasmic segment (1); however, the activity was still higher than those of most cytoplasmic segment fusions. It also appeared that the export function of outgoing segments required at least 9 to 11 residues in the segment. The data obtained for KgtP generally agree with these observations on lac permease.
The PhoA fusion method is a powerful means to predict the topology of membrane-associated proteins, including KgtP. A more accurate topology model of KgtP will require analyses of additional fusion mutants, particularly in the C-terminal region, in helix II, and in the second and sixth hydrophilic loops. Efforts to obtain additional fusions by transposition of TnphoA, by the nested deletion method with Bal 31 and exonuclease III in vitro (11) , or by polymerase chain reaction were unsuccessful because they yielded previously obtained fusions or no transformants. This may be due to the presence of "hot spots" or the formation of highly toxic proteins when other regions of KgtP are connected to
PhoA. An unequivocal verification of the KgtP membrane topology model awaits determination of the three-dimensional structure of the protein.
Bacteriophage DE3 lysogen was provided by A. Rosenberg (Brookhaven National Laboratory, Upton, N.Y.); phage XTnphoA, plasmids pCH2, pCH39, and pCH40 and the E. coli phoA strain CC118 were from C. Manoil (Seattle, Wash.).
